Introduction
The enzymatic and free radical-induced oxidation of unsaturated fatty acids generates bioactive molecules that participate in cell signaling [1] [2] [3] . These signaling actions include the activation of G-protein-coupled receptors [4] and alkylation of both thiolcontaining small molecules and cysteine residues in proteins [3] . In addition to oxidative stress, nitrative stress is characterized by sustained nitration through the formation of the nitrogen dioxide ( NO 2 ) radical. The biomolecules that are targets of nitration include tyrosine residues [5] , nucleic acids (guanine, cGMP, GTP) [6] , and unsaturated fatty acids [7] . In particular, the nitration of unsaturated fatty acids results in the formation of electrophilic species that contain a conjugated nitroalkene moiety. The electrophilicity of nitrated fatty acids (NO 2 -FA), mainly represented by nitro-oleic (NO 2 -OA), nitro-linoleic (NO 2 -LA), and nitro-arachidonic acids, promotes reaction with nucleophiles to generate Michael addition products [8] . The targeting of specific cysteine residues by lipid-derived electrophiles is central to modulating enzymatic activity and signaling pathways. Nitrated fatty acids have been shown to potently activate the Nrf2/Keap1 pathway, chaperone heat shock pathways, and inhibit inflammatory responses through multilevel inhibition of NF-kB [3] . These actions result in protective effects in various animal models ranging from metabolic disorders (diabetes) and atherosclerosis to sepsis and ischemia/ reperfusion [3] . The data stemming from the pharmacological actions of NO 2 -FA is in stark contrast to their characterization and quantification in vivo. This is partially due to synthetic challenges of obtaining pure regioisomers, sensitivity to alkaline conditions, the electrophilic nature of the nitrated fatty acid, and the reversible binding to cysteines, all of which result in additional challenges for accurate quantification.
Principles
Nitrated fatty acids form upon exposure of unsaturated fatty acids to nitrating species. In particular, NO 2 plays a central role in the formation of these fatty acid nitroalkenes [9] . The type and characteristics of the precursor fatty acid define the formation of various products. Two main mechanisms have been proposed for the formation of NO 2 -FA (Fig. 1) . The first involves hydrogen atom abstraction from the bis-allylic carbon of a polyunsaturated fatty acid, yielding a delocalized pentadienyl radical. Various radicals may participate in this initial step including hydroxyl, peroxyl, and carbon-centered radicals derived from fatty acid oxidation and NO 2 . These steps are common to the formation of other lipid oxidation products such as isoprostanes and hydroperoxides. Whereas the formation of hydroperoxides and isoprostanes is characterized by the subsequent insertion of oxygen to form a peroxyl radical [10] , NO 2 -FA are generated by addition of NO 2 to the fatty acid radical. A second, less studied, pathway initially involves the direct addition of NO 2 to the fatty acid to form a nitroalkenyl radical. This radical can then react with oxygen to form a nitroperoxyl fatty acid, react with another NO 2 to form unstable nitro-nitrito or dinitro compounds, or lose a hydrogen atom via abstraction by another radical (i.e., NO 2 , OH) to reform the double bond [11] . Thus, the formation of a nitrated fatty acid can occur via multiple reaction mechanisms and its analysis involves the development of mass spectrometry tools that allow for the proper characterization of the various regioisomers [12] . Consequently, synthetic strategies are critical for the confirmation of proposed structures derived from mass spectrometric analysis.
Pros and cons of available nitro fatty acid synthetic strategies
Many different approaches have been described for generating NO 2 -FA. These methods can be separated into three groups based on specificity (product diversity) and practicality.
Nitrogen dioxide/nitronium ion
This method is based on the direct application of a nitrogen dioxide source to unsaturated fatty acids. Despite giving an array of products and by-products, these approaches are of value because the reaction mimics some biological conditions. Applying this reaction to a biological matrix results in the formation of higher concentrations of putative endogenous products; thus allowing for the initial identification, analysis, and characterization of multiple novel nitrated species that could be formed during pathophysiological conditions resulting in increased NO 2 À levels and decreased pH values, without regard to stability or subsequent reactivity. The limitation of NO 2 -induced nitration is its high reactivity and low selectivity.
Nitroselenation/nitromercuriation
This approach generates nitroalkenes through a nitroselenation reaction, which activates the alkene to direct nitration. These reactions require additional synthetic skills and have at least two steps, but greatly reduce the purification phase and allow for well-defined products. Although nitromercuriation [13] has not been specifically applied to fatty acids, it has been successfully used in other synthetic procedures. Nitroselenation [14] is a subsequent version of the method that is preferred for synthesis of NO 2 -FA when monoor diunsaturated fatty acids are used as substrates. In particular, this reaction has been used to generate NO 2 -LA and NO 2 -OA regioisomers that were obtained in equal proportions (25% of each of the four NO 2 -LA isomers and 50% of each NO 2 -OA) [7, 15] . Fig. 1 . Radical-induced mechanism of polyunsaturated acid nitration. Starting with a radical abstraction from the bis-allylic position, the delocalized radical may react with oxygen or nitrogen dioxide. Alternatively, direct addition of nitrogen dioxide to one double bond produces a nonstabilized radical intermediate that may react with available oxygen or nitrogen dioxide (the products of which may in turn eliminate nitrous acid and generate the double bond) or lose a second hydrogen to radical abstraction and regenerate the double bond. Radical intermediates may also abstract available bis-allylic hydrogens and propagate the radical chain reaction. Fig. 2 . Nitroselenation/nitromercuration synthesis of nitro-oleic acid. This is a two-step method of synthesizing an equimolar distribution of nitrated regioisomers. The combination of selenyl and mercurial reagents activates the double bond to nitration and are oxidized in a second step to generate the nitroalkene. This approach provides a convenient method of synthesizing NO 2 -FA appropriate to many uses, particularly isotopically labeled material.
Full synthesis
The third approach consists of specific isomer synthesis. All of the strategies used to this end are based on the Henry nitroaldol reaction and have been used to successfully synthesize positional and stereoselective isomers of NO 2 -OA and NO 2 -LA, namely 9(E)-nitro-octadec-9-enoic acid (9(E)-NO 2 -OA), 10(E)-nitro-octadec-9-enoic acid (10(E)-NO 2 -OA) [16, 17] , 10, 12(E, Z)-nitro-octoadeca-10, 12-dienoic acid (10(E)-NO 2 -LA) [18] , and the positional analogue 12(E)-nitro-octadec-12-enoic acid [19] . These techniques require better synthetic skills than the previously mentioned techniques, but afford stereoand regiospecific synthetic products that can reach upward of 99% purity. This is the main advantage over the other techniques in which single-species purification is very difficult or not possible. This approach requires protecting the carboxylic acid group during the synthetic steps. Two strategies have been successfully used for this: methyl [17] and allyl esters [16] . Methyl esters are easy to synthesize, but require either 6 M HCl reflux or an enzymatic lipase-based saponification method with unknown scalability. In contrast, allyl esters can be removed under milder conditions (i.e., formic acid and catalytic palladium) for higher yields. With regard to the selection of the base to catalyze the nitro aldol condensation, either 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU) or t-BuOK has been successfully used. The activation/elimination step has been typically performed by acetylating the nitrohydroxy intermediates. The acetoxy groups were subsequently eliminated to form the nitroalkene double bond, using 4-dimethylaminopyridine (DMAP) or Na 2 CO 3 as a mild base.
Commercial sources
Two different nitrated fatty acids are commercially available from multiple vendors. These are 9(E)-NO 2 -OA (CAS 875685-44-2) and 10(E)-NO 2 -OA (CAS 88127-53-1). Unfortunately, the actual cost of the products makes their use in animal models prohibitively expensive. If delivery in animal or other large-scale use is planned, in-house synthetic strategies are encouraged. No commercial sources are currently available for isotopically labeled NO 2 -FA.
Synthesis of isotopically labeled standards
Various isotopically labeled standards can be synthesized and purified. The utility of the various NO 2 -FA isotopes differs and their benefits and drawbacks are specifically discussed in view of their use in stable isotope dilution mass spectrometry-based quantifications and radioactive tracer experiments. C-labeled products. The yields are too low, purification is difficult, and the initial 13 C-labeled material is too expensive for this strategy to be of value. The second approach, nitroselenation, is the best option for obtaining labeled standards. The yields are high enough ($ 30%) to obtain pure labeled products. The third approach, nitroaldol condensation, is less practical for synthesizing and purifying 13 C-labeled products because it again relies on obtaining 13 C-labeled substrates for the nitroaldol condensation reactions, in larger quantities because of subsequent mass loss (often less than 10% overall yield). Most potential reactants either are not commercially available or are more expensive than the available 13 C 18 -labeled oleic or linoleic acids. Some 2 H-labeled lipids are also available, but often the deuteration is placed only on the alkenyl positions, resulting in the loss of a deuterium during synthesis.
H-labeled standards
These standards are of value for following the metabolic pathways of NO 2 -FA both in vivo and in vitro. Commercially available lipids are typically 3 H-labeled on the double bonds. Similar to 13 C labeling, the use of acidic nitration is impractical when starting from 3 H-labeled unsaturated fatty acids. Note that the last step of the nitroselenation reaction proceeds through an oxidation/elimination that eliminates one olefinic hydrogen located at the carbon a to the NO 2 group. The loss of one 3 H atom reduces the effective labeling by 50% in the case of NO 2 -OA and by 25% for NO 2 -LA. This methodology has been previously used to radioactively follow the metabolites of NO 2 -OA in vivo [21] .
Synthetic protocols

Reagents for synthetic protocols
Note. In general, use caution as most of the reagents in these protocols are toxic or dangerous in quantity. Please read the associated MSDS for specific precautions. For all synthetic procedures, ensure adequate ventilation, and preferably handle chemicals in well-ventilated fume hoods. Use gloves and safety goggles during all procedures. 
General techniques
See [22, 23] for general methods and descriptions of these techniques.
Air-sensitive reactions
Cut off the large end of a 3 ml plastic syringe.
Attach and seal a balloon filled with N 2 or Ar to the open end. Top with an 18-gauge needle to provide a constant source of low-pressure inert atmosphere in the absence of a nitrogen or argon line system.
Drying glassware
Glassware for reactions, including glass syringes and needles for solvent transfers, should be oven-dried and cooled under dry nitrogen before using.
TLC
Spot solutions of products or reaction mixtures along with a co-spot of starting material for comparison.
Elute with the given solvent mixture. Allyl esters can be easily visualized by using an iodine chamber.
Nitroalkenes can be easily visualized with a UV lamp at 254 nm.
Other impurities or reagents may be visualized with a phosphomolybdic acid dip.
Nitroselenation protocol for NO 2 -OA (1 g scale) ( Stir the resulting solution cold for 1 h. Add 10 ml deionized water and 10 ml diethyl ether to quench and partition, stir 5 min.
Aqueous workup
Transfer the mixture to a 60 ml separatory funnel. Separate and set aside the (top) product-containing organic layer. Extract the aqueous phase 3 Â with 10 ml portions of ether. Combine the organic layers and replace in separatory funnel.
The aqueous layer may be discarded.
Wash 3 Â with 10 ml water. These and subsequent aqueous layers may also be discarded. UV-Vis: the product NO 2 -OA or 9-NO 2 -OA can be identified by
1 H NMR: the product has two diagnostic triplet signals centered at d7.06 ppm corresponding to the nitroalkene proton. This may appear as a quadruplet in some instruments.
Purification method: chromatography column [24] This method is used for separating approximately 1 g of free fatty acid.
Suspend 50-60 ml of silica gel in hexanes. Fill a flash chromatography column with hexanes. Slurry the silica gel in hexanes into the column. Pack the column with shaking and air-or nitrogen-line pressure. Top off silica gel with a layer of sand. Preelute the column with 100 ml 0.5% acetic acid/hexanes (v/v). Dissolve the crude product in a minimal amount of 0.5% acetic acid/hexanes solvent mixture.
Apply the crude product solution to the sand at the top of the column.
Elute with air-or nitrogen-line pressure and solvent steps of increasing polarity: 0.5% acetic acid/hexanes (v/v), 100 ml, 0.5% acetic acid þ 1% ether (v/v), 100 ml, 0.5% acetic acid þ 2% ether (v/v), 100 ml, 0.5% acetic acid þ 5% ether (v/v), 200 ml.
Collect the runoff in 13 Â 100 mm or 16 Â 100 mm culture tubes until well after the product elutes.
The typical elution order is:
diphenyl diselenide (strong yellow band, UV active, solidifies upon evaporation), unreacted oleic acid, nitrated lipid (pale yellow oil), oxidized side products (waxy yellow).
Recycle the column runoff until the first yellow band elutes. Check collected fractions by TLC (strong UV activity at 254 nm).
Combine the fractions containing the majority of nitrated lipid product and remove the solvent by rotary evaporation.
Dry the final product under high vacuum for 2-3 h to remove residual solvents.
Repurify the column runoff if necessary in a second cycle of column chromatography, using similar conditions. A second chromatography column is the easiest way to ensure pure material.
The theoretical yield is 1.16 g (3.5 mmol); the typical yield is 0.25-0.30 g.
Suggestions
This method is used with other purification steps by changing the solvent mixtures used. Esterified fatty acids (such as allyl esters) are more easily purified by column chromatography. The product is an equimolar combination of 9-NO 2 -OA and 10-NO 2 -OA isomers. Most applications have not shown a difference in reactivity and cell signaling between the isomers. Positional isomers may be separable by preparatory liquid chromatography (LC). The purification can be performed alternatively with an MPLC system (such as a Sorbtech EZ Flash, Yamazen Smart Flash, or Teledyne Isco CombiFlash system) or by dividing the compound into portions and purifying with preparatory TLC.
Notes on isotopic standard synthesis
This method is preferred for synthesizing isotopic standards, i.e., NO 2 Protocol for 9-NO 2 -OA (9-nitro-oleic acid) synthesis (0.25 g scale) (Fig. 3 ) [16] Note that each intermediate product is stable and can be stored, and the synthesis can be continued at a later time.
Synthesis of 9-bromononanoic acid, allyl ester [25] Purify by column chromatography (30-40 ml silica gel, ethyl acetate/hexanes, 0-10%) to isolate 10-hydroxy-9-nitro-octadecanoic acid, allyl ester as a colorless oil.
The theoretical yield is 0.51 g; the typical yield is 0.41 g. TLC (ethyl acetate:hexanes, 1:3) R f ¼0.38. (Note that the product is more polar than the starting materials and is a mixture of two diastereomers that will typically show up as two distinct spots on TLC.) 1 H NMR: the product has a methyl signal at d0.85 ppm, and two broad diagnostic signals centered at d3.95 and d3.83 ppm corresponding to both diastereomers of the (-CH-OH) protons.
The d4.33 ppm triplet should be replaced by a broad peak at d4.39 ppm.
Synthesis of 10-acetoxy-9-nitro-octadecanoic acid, allyl ester [27] Oven 
Suggestions
The final product is a single regioisomer, 9-NO 2 -OA. This procedure can be easily adapted to produce other desired esters, such as methyl ester 9-NO 2 -OA, by changing the alcohol used under the Section ''Synthesis of 9-bromononanoic acid, allyl ester''. Esterified fatty acids (such as allyl esters) are more easily purified by column chromatography than free fatty acids. Users without access to NMR can easily find commercial analysis services. In the intermediate purification steps, refer to the general procedure under the Section ''Purification method: chromatography column'' and change the amount of silica and the solvent mixtures used to those given at each product step. Typically a product is eluted with a solvent mixture (0, 1, 2, 5, 10% ethyl acetate or ether, up to the stated concentration) two to three times the volume of silica gel used, followed by a similar amount of the next more polar solvent mixture, until the product begins to elute. As stated before, the purifications can be performed alternatively with a commercially available MPLC system or by dividing the intermediate products into portions and purifying with preparatory TLC.
Measurement of nitrated fatty acids by mass spectrometry
Principles
Mass spectrometry has played a central role in the determination of nitrated biomolecules. One of the best characterized nitrated biomolecules is nitrotyrosine [30] . Unlike the single, well-defined product of tyrosine nitration, the multiplicity of substrates and reaction mechanisms involved in the nitration of fatty acids results in a diversity of products. Nitrotyrosine is chemically stable in aqueous solutions, organic solvents, a wide range of pH values, and biological environments in which it may undergo a very slow metabolic degradation. In contrast, NO 2 -FAs are highly reactive electrophiles that rapidly and reversibly adduct to cysteines and histidines. In addition, rapid metabolic consumption of NO 2 -FAs occurs through b-oxidation and double-bond saturation. Thus, the development of rigorous methods for proper elucidation of the various isomers of NO 2 -FAs found in vivo is necessary. The two main techniques used for the detection and quantification of NO 2 -FAs are gas chromatography (GC) or LC coupled to mass spectrometry (MS). GC-based methods are lengthy and require several derivatization steps during sample preparation that not only are tedious, but promote the degradation and modification of nitrated metabolites. Thus, LC-MS-based methods are preferential as they have the advantage of rapid sample preparation and are less prone to artifact generation during the sample workup. At this point it is important to consider that matrix interference is an important issue for both analytical procedures. GC-MS always requires intensive sample cleanup, whereas LC-MS is more forgiving, but may require additional preparation steps depending on matrix complexity.
Characterization
NO 2 -FA can be generated by either NO 2 addition to olefins present in unsaturated fatty acids followed by hydrogen abstraction and re-formation of the double bond or through hydrogen abstraction, radical rearrangement, and a termination reaction between the carbon-centered radical and an additional NO 2 radical (Fig. 1) . The main difference between the species formed through these mechanisms is that the addition reaction leads to electrophilic products (also termed conjugated nitroalkenes, a, b-unsaturated nitroalkenes, or vinyl nitro groups) and the hydrogen abstraction reaction leads to nonelectrophilic species (also termed nonconjugated nitroalkenes, allylic nitro groups, nitroalkane alkenes). This distinction is of relevance because the electrophilic nature of endogenously formed NO 2 -FA modulates its biological signaling, half-life, and metabolism. Moreover, conjugated nitroalkenes can be rapidly converted into nitroalkanes or nonconjugated nitroalkenes by reduction, catalyzed by a yet unidentified NADPH-dependent enzymatic activity. Thus, the differences between nitrated products and their electrophilic nature are important when characterizing and quantifying biological samples. Furthermore, the electrophilicity of the NO 2 -FA will greatly affect stability, sample handling and determination of the concentration of these species.
Extraction
There are many considerations to take into account when choosing a method to process any sample from a biological matrix and the same is true for the extraction of NO 2 -FA. The relevant factors include analyte concentration in the biological sample, amount of sample, pH, solvent, concentration of NO 2 À in the sample, and potential interest in detecting metabolic products of the NO 2 -FA. Strategies include ACN precipitation, biphasic organic extraction, and solid-phase extraction. Analysis of endogenous content of NO 2 -FA usually requires approaches that include concentrating and purification steps to reduce ionization dampening and maximize sensitivity when measuring by LC-MS. Thus, the preferred techniques are solid-phase extraction and solvent-based extractions. Acetonitrile precipitation is a very convenient technique for determining the plasma concentration of NO 2 -FA and their metabolites in animals exposed to exogenously administered NO 2 -FA (either by gavage, ip injection, iv injection, or osmotic minipump delivery) using as little as 5 ml of sample. Acetonitrile or methanol precipitation can be used followed by solid-phase extraction to detect endogenous levels of NO 2 -FA. This combination technique has also been effectively used to detect eicosanoids, isoprostanes, and docosanoids [31] . One of the advantages of ACN precipitation is that it allows for the recovery of many of the nitro-containing fatty acid metabolites (including carnitine and CoA thioesters, b-oxidation products, nitroalkene reduction products, and nucleophilic amino acid additions). Although these products can be obtained by solidphase extraction, additional attention has to be given to the conditions used to equilibrate the column and elute the compounds to ensure their proper recovery. Organic extraction offers the highest recovery of NO 2 -FA from samples, but many of the metabolites will be lost because of their increased hydrophilicity compared to the parent NO 2 volumes 0.5-10, 2-20, 10-100, and 100-1000 ml.
Instruments
Mass spectrometer, 4000 QTrap (Applied Biosystems) LC20 with autosampler and rack changer (Shimadzu) Tables 1 and 2 show the parameters and settings of the mass spectrometers and HPLCs used to determine nitrated fatty acids.
Mass spectrometer settings
Method 1: quantification of small plasma volumes
This protocol is adequate to measure the plasma concentration of NO 2 -FA from treated animals.
Preparation of a standard curve for NO 2 -LA and NO 2 -OA quantification
Starting from the 1 mM standard mix of NO 2 -OA and NO 2 -LA stock solutions are prepared (Table 3) .
Final concentrations of NO 2 -OA and NO 2 -LA in the plasma samples that will be used to build the standard curve are 1000, 200, 40, 8, 2, 0.4, 0.1, 0.02, and 0 nM (Table 4) . Determinations based on LC-MS data usually have a dynamic range of 3 orders of magnitude, which can be extended on the upper end using less sensitive multiple reaction monitoring (MRM) transitions [32] . The proposed standard curve spans over 5 orders of magnitude to accommodate quantifications using instruments with higher or lower sensitivity. Endogenous levels will generally not interfere 
Considerations
This protocol is adequate to measure the plasma concentration of NO 2 -FA from treated animals. The levels of endogenous NO 2 -FA found in free form (not forming addition products with nucleophiles) in plasma are between 0.5 and 1.5 nM and require extensive workup and are therefore below the limit of detection with this method.
Method 2: quantification of urine samples
Standard curve for a mix of NO 2 -LA and NO 2 -OA in urine
Starting from a 1 mM stock solution of a NO 2 -OA and NO 2 -LA mix prepare the dilutions shown in Table 5 in 1 ml methanol.
Prepare the dilutions of the NO 2 -FA mix in urine as shown in Table 6 .
Using a micropipette add 10 ml of a mix of NO 2 -[ 
Procedure
Condition the C18 solid-phase extraction columns for sample preparation by adding 3 ml of MeOH followed by 5 ml of H 2 O:MeOH (85:15) to each 500 mg C18 column, letting each conditioning step elute under atmospheric pressure.
Next add 1 ml of urine sample. Avoid letting the column go dry before adding sample. Special care has to be taken to avoid drying the column in all steps before analyte elution, to ensure a consistent chromatographic elution profile.
Once the sample has passed through the column, wash with 5 ml of H 2 O:MeOH (85:15) under vacuum.
Let the column dry under vacuum for 15-20 min. This drying step is intended to minimize the amount of water contained in the eluent, to allow for a faster drying and reconstitution of the sample.
Discard the wash fractions. Add new silanized tubes and elute the analyte from the column using 3 ml methanol. Note. Silanized tubes are used to help reduce the binding of fatty acids to silica present in the glass during the drying and subsequent loss of analyte. If silanized tubes are not available, common glass tubes can be used.
Dry the collected effluent using a vacuum dry evaporation system or under nitrogen gas using an analytical nitrogen evaporator
Resuspend the sample in a small volume (200 ml) of methanol. Vortex and add to 100 ml insert-containing glass vial. Note. The 100 ml volume inserts hold 200 ml.
Inject 10 ml into the LC-MS. Solvent A is water þ 0.1% acetic acid and solvent B is ACN þ 0.1% acetic acid. 
Considerations
This protocol is adequate to measure the NO 2 -FA concentration in urine of human or animal origin. The mean concentration of free nitrated linoleic acid isomers in urine (first void of the day) from healthy human volunteers is 9.2 nM (9.9 pmol/mg creatinine). The urinary values display a significant dispersion with concentrations typically ranging from 0.7 to 57 nM. Standard curves are important to determine several important parameters (e.g., stability, linearity of response, reproducibility of response, LOQ, LOD, matrix interferences). The proper procedure includes performing the standard curve in urine. This allows for proper determination of parameters including LOD, LOQ, and the relative standard deviation values for each of the standard concentrations. These parameters can be calculated from a standard curve performed in methanol; however, the values will be meaningless when quantifying the biological sample. It is important to establish quality controls when measuring samples (using a low, medium, and high concentration of spiked analyte or at least a low and high one). This ensures that determinations are properly performed the day of measurement. The analyte and the internal standard need to be incubated for 15-30 min with the sample on ice to allow for proper distribution and reaction equilibrium in the matrix to better mimic endogenous distribution and free levels.
Chromatographic and mass spectrometric considerations Recovery and stability in matrix analysis
For a new biological matrix, it is always important to know the percentage recovery and the stability of the analyte of interest. NO 2 -FAs containing a nitroalkene group are electrophilic and will rapidly react with nucleophilic amino acid residues, such as cysteine and histidine. One can account for this reactivity by using spiked plasma samples to monitor the loss of free NO 2 -FA over time. These samples can be directly compared to methanol spiked with standard, which would provide the greatest intensity upon LC-MS analysis. In addition, comparisons can also be made between the analyte spiked in methanol and plasma previously acidified to pH 5. Acidification of the plasma will inhibit Michael addition reactions. To prepare these samples, repeat the steps listed above after acidifying the plasma. A comparison of the spiked methanol, plasma, and acidified plasma will provide an indication of the loss of NO 2 -FA signal intensity due to covalent adduction, nonspecific binding, and matrix suppression of the signal.
NO 2 -FA detection in positive-ion mode NO 2 -FA can be detected as Li þ or Na þ adducts. Depending on the concentration of Li þ or Na þ ions used, they will be preferentially detected as single or double adducts. The associated cation (Li þ or Na þ ) is usually infused postcolumn to maintain a consistent chromatographic profile and to be comparable to runs performed in negative-ion mode. For Li þ , the optimal concentration infused postcolumn to detect singly charged positive ions is between 20 and 35 mM. This greatly favors single adducts over double adducts, making this method 100 to 1000 times more sensitive than the original reported use of 1-5 mM Li þ addition for polyunsaturated fatty acid characterization [33] . The advantage of positive-ion mode detection of nitroalkenes is based on the NO 2 -FA heterolytic chain fragmentation upon low energy collision-induced dissociation (CID), thus generating almost exclusively moieties containing an aldehyde and a nitrosamine. These well-defined fragmentation pathways are very helpful for structural elucidation when new, unidentified products are observed and to confirm already established analytes. At higher energies the charged or neutral loss of NO 2 À or HNO 2 is respectively observed. In most triple quadrupoles, the MRM following the formation of 46 m/z anion will be the most sensitive. Owing to instrument design, Thermo Fisher triple quadrupoles are better suited to stabilizing and transmitting higher m/z ions. Thus, the detection of the anion resulting from neutral loss of HNO 2 (47 amu) is preferred. Fragments involving the loss of NO 2 À or HNO 2 usually require high collision energies (35 eV). If the collision energy is set lower (17-25 eV) fragments that contain structural information about the lipid backbone can be detected [12] .
Nitroalkanes: these molecules have no conjugated nitroalkene and fragment only through losses of NO 2 À or HNO 2 [12] .
NO 2 -OA: in addition to the NO 2 À -related losses, fragments occur almost exclusively through forming an aldehyde and a nitrosamine (similar to positive-ion mode). These fragments allow for the correct identification of NO 2 -OA positional isomers [12] . A product ion of 168.1 m/z is observed for 9-NO 2 -OA and an ion of 169.1 m/z for the 10-NO 2 -OA isomer.
The presence of an additional double bond (such as in NO 2 -LA)
generates, in addition to the previously described fragments of NO 2 -OA, product ions derived from cyclization reactions. A configuration with an additional double bond one or two carbons away from the nitroalkene promotes cyclization reactions that facilitate formation of 5-or 6-atom heterocycles [12] .
Vicinal NO 2 -OH-FA (nitrohydroxy fatty acids). These molecules originate from NO 2 -FA hydration reactions in aqueous environments. They are easy to characterize, because CID fragments result in a specific fragmentation pattern that clearly indicates the positions of NO 2 and OH groups in the molecule [34] .
HPLC solvent selection:
Basic solvents may result in increased degradation and/or hydration of nitroalkenes, have higher sensitivity in the negative-ion mode, and have impaired isomer separation compared to acidic solvent systems. Basic solvents used include (A) H 2 O þ 0.1% ammonium hydroxide and (B) ACN þ 0.1% ammonium hydroxide. Fig. 3 . Full synthesis of 9-NO 2 -OA. An available bromoalkyl acid is transformed over six steps to the desired nitroalkene product. Each step produces clean, single regioisomer products, but the length of the procedure and associated loss of material (only 12-36% expected overall yield) limit the practicality of the approach. Acidic solvents are slightly less sensitive, but offer better chromatographic resolution and separation of isomers. MeOH and ACN provide good separation of NO 2 -FA, although ACN is most commonly used. Solvents such as formic acid and acetic acid can be used, but acetic acid is a weaker acid, resulting in less ionization dampening and in a more sensitive method compared to formic acid when working in negative-ion mode. Solvents used include (A) H 2 O þ 0.1% acetic acid and (B) ACN þ 0.1% acetic acid.
Standard curve
It is preferable that the standard curve (plotting standard analyte area/IS area as a function of standard analyte concentration) be performed the same day as the unknown measurements. However, if this is not possible, it is important to use quality controls the day of the measurement. For this, biological samples will be spiked with a low, medium, and high concentration of analyte. The concentration of the spiked sample should be selected from the range of values normally detected in those biological samples (2-200 nM) . In this regard, the range should include a low concentration reflecting the lowest values detected (a value that should be above the LOQ), a concentration close to the median, and a concentration reflecting the highest concentration detected in the biological samples. Because the matrix contains measurable levels of endogenous NO 2 -FA, the intercept of the y axis will be higher than 0. The endogenous level of the sample used as matrix can be calculated as the value of the y-intercept times the internal standard concentration divided by the slope.
Quantification
Peaks are quantified using the area under the curve. Chromatographic methods can be shortened and many MRM transitions can be simultaneously monitored in a single analysis. It is important to verify that at least 8-10 data points have been determined for each peak to ensure an accurate determination of the area under the curve.
Ionization dampening
Many metabolites of NO 2 -FA are present in urine. Because internal standards may not be available for all the various species, it is important to understand how the matrix and solvent compositions affect the sensitivity of the mass spectrometer during the chromatographic run. To investigate these effects infuse a 100 nM solution of NO 2 -LA at 5 ml/min into a Tconnected postcolumn to the mass spectrometer and solvent line from the LC. Perform a run using matrix (i.e., urine, plasma extraction) or solvent. Analyze the instrument response (peak intensity) at various times to determine if dampening is an issue at the elution time of the analytes of interest.
Characterization
NO 2 -FAs are separated using a C18 reversed-phase column (2 Â 150 mm, 3 mm; Phenomenex, Torrance, CA, USA) at a 250 ml/ min flow rate. NO 2 -FAs are eluted from the column and detected using the conditions shown in Table 1 . For positive-ion mode, a lithium acetate solution (10 mM) is infused post-column at a 1 ml/ min flow rate to reach a final concentration of 40 mM.
Artifacts common to NO 2 -FA determinations by MS-MS
Following the formation of an ion with 46 m/z can lead to artifacts if further characterization is not performed and internal standards are not used. The origin of these false positives does not stem from a single mechanism and a variety of artifacts are caused by different issues. Most importantly, false positives are caused by various noncovalent adducts. These adducts can be caused by NO 2 À ion pairing with molecules that do not contain a nitro group or by other ions pairing with molecules that have a nitro group (Fig. 4) .
Noncovalent NO 2
À adducts are commonly observed with unsaturated fatty acids, particularly linoleic and linolenic acid. They have longer retention times compared to nitro fatty acids upon C18 chromatographic separation. They are observed after the neutral loss of HNO 2 and the formation of the product ion NO 2 À . Peaks stemming from these NO 2 À adducts are easily misinterpreted as NO 2 -FA in the absence of internal standards. These species display correct high accuracy mass determinations, but do not present chain-breaking specific fragmentation ions other than NO 2 À and neutral loss of HNO 2 .
NO 2 -FA can be detected in positive-ion mode as Li þ or Na þ adducts. Additionally, in negative-ion mode an undefined adduct (þ82 m/z) is observed (Fig. 4) . This adduct is prominent for some b-oxidation metabolic products of NO 2 -FA. In particular, nitrododecenoic (NO 2 -12:1) and nitrododecanoic (NO 2 -12:0) acids are most prominently detected as these adducts.
If the concentration of a NO 2 -FA in the sample is sufficient, specific transitions having sensitivity between 1 and 10%, compared to the more sensitive, but less specific loss of NO 2 À , should be followed. These transitions are not to be used for quantification purposes, which usually require a 20:1 signal-to-noise ratio, but for the identification purposes that require them only to be above LOD (usually a 3:1 signal-to-noise ratio).
If possible, the mass of the parent ion should always be confirmed when studying an unknown nitro-containing molecule without internal standards. This ensures that the selected ion is less likely to be an ion pair.
Summary
Our methods employ a combination of synthetic approaches and high-resolution analytical techniques to identify and quantify nitrated lipids in biological samples. These methods are appropriate for detecting previously described NO 2 -FAs, but can also detect a range of other nitrated and nonnitrated electrophilic lipids produced biologically. These approaches demonstrate the synergy between synthetic techniques and powerful analytical methods. Optimizing both components has allowed for improved structural characterization, greater confidence in structural assignments, and the avoidance of artifacts in obtaining reliable quantification.
